The X(3872) formation and decay processes in the B-decay are investigated by a cctwo-meson hybrid model. The two-meson state consists of the D 0 D * 0 , D + D * − , J/ψρ, and J/ψω channels. The energy-dependent decay widths of the ρ and ω mesons are introduced. The D-D * interaction is taken to be consistent with a lack of the BB * bound state. The coupling between the DD * and J/ψρ or the DD * and J/ψω channels is obtained from a quark model. The cc-DD * coupling is taken as a parameter to fit the X(3872) mass. The spectrum is calculated up to 4 GeV.
The masses and widths of mesons and the X(3872) thresholds, and their energy difference (in MeV) [6] . Moreover, as seen in Table 1 , there are four two-meson thresholds which are very close to the X(3872) mass. It is natural to assume that X(3872) has a large amount of these two-meson components. The possibility of X(3872) being the hadronic molecular structure has been widely discussed [28, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . Thus, as a model which has both of the above strong points, the charmonium-hadronic molecule hybrid structure has been proposed for X(3872) [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] .
In this work we also employ the charmonium-two-meson hybrid picture. We argue that the X(3872) is a hybrid state of the cc and the two-meson molecule: a superposition of the D 0 D * 0 , D + D * − , J/ψρ and J/ψω molecular states and the cc(2P ) quarkonium. In our previous work, where only the DD * channels are included for the two-meson components, it has been found that this picture explains many of the observed properties of the X(3872) in a quantitative way [62] : the X(3872) can be a shallow bound state (or an S-wave virtual state), absence of the charged X, and absence of the χ c1 (2P ) peak in the J P C = 1 ++ spectrum.
Since the quark number is not conserved in QCD, taking the cc and DD * as orthogonal base is an approximation. In the low-energy QCD, however, the light quarks get the dynamical masses because of the spontaneous chiral symmetry breaking. Also, since adding apair without changing the parity requires the change of the angular momentum of the systems, the charm quark configuration in the cc(2P ) state and that in the 1 ++ two-meson state can be very different from each other. Here we assume that the bare cc(2P ) exists as the quark model predicts, which couples to the two-meson states.
In this article, we investigate the J P C = 1 ++ mass spectra up to 4 GeV observed in the B decay as well as the X(3872). For this purpose, we employ the hadron model with the J/ψρ and J/ψω as the two-meson states (denoted by the J/ψV channels in the following)
as well as D 0 D * 0 and D + D * − . The source of X(3872) is assumed to be the cc(2P ) state, which is created from the B meson by the weak decay as B → cc + K. In order to clarify the mechanism how the large decay widths of the ρ and ω mesons give rise to the very narrow peak of X(3872), the energy dependent decay widths of the ρ and ω mesons are introduced into the meson propagators. The size of the isospin symmetry breaking seen in Eqs.
(1) and 3/34 (2) corresponds to the relative strength of J/ψρ and J/ψω final states. The isospin symmetry breaking in the present model originates from the difference in the charged and neutral D and D * meson masses. We will demonstrate that two kinds of ratios of the decay modes reflect the size of the cc-DD * coupling and that the ratio of the D 0 D * 0 to J/ψρ changes largely as the binding energy of X(3872). These ratios can be calculated because the present model includes the relevant two-meson states dynamically and because the bound state and the mass spectrum are calculated simultaneously. A part of this work is discussed in [63] .
Among the heavy quarkonia, X(3872) seems a very interesting object in a sense that the relevant two-meson thresholds exist closely below the QQ state. It has an advantage that the state is well investigated both from the experimentally and theoretically. In this article, we focus our attention to X(3872) and discuss the genuine exotic resonances such as Z b (10610) 0,± , Z b (10650) ± or Z c (3900) ± elsewhere. The study of the X(3872) gives us the information of the size of the interaction between D and D * , and therefore that between B
and B * through the heavy quark symmetry. It will help us to understand the structures of these genuine exotic states. The present work also gives us the information on the cc-DD * coupling, which is a clue to understand the lightpair creation and annihilation processes.
We will discuss the method in section 2. The models and parameters are explained in 
Method

Model Space and Model Hamiltonian
Our picture of X(3872) is a superposition of the two-meson state and the cc quarkonium.
The two-meson state consists of the D 0 D * 0 , D + D * − , J/ψω, and J/ψρ channels. The cc quarkonium, which couples to the DD * channels, is treated as a bound state embedded in the continuum (BSEC) [64, 65] . In the following formulae, we denote the two-meson state by P , and the cc quarkonium by Q.
The wave function is written as
4 /34 We assume that the state is J P C = 1 ++ , but do not specify the isospin. The wave function of each two-meson channel in the particle basis is
= J/ψ ω (6)
= J/ψ ρ .
The model hamiltonian, H = H 0 + V , can be written as:
with
where H (P ) is the Hamiltonian for the two-meson systems, V P Q and V QP are the transfer potentials between the two-meson systems and the cc quarkonium.
is a c-number and corresponds to the bare BSEC mass, the mass before the coupling to the P -space is switched on.
Since the concerning particles are rather heavy and the concerning energy region is close to the threshold, the nonrelativistic treatment is enough for this problem. For the free hamiltonian for the P -space, we have
where M i and m i are the masses of the two mesons of the i-th channel, µ i is their reduced mass, k i is their relative momentum. Because of the same reason, the system will not depend much on the details of the interaction. So, we employ a separable potential for the interaction between the two mesons, V P . The potential V P between the ith and jth channels is written as
where v ij is the strength of the two-meson interaction. We use a typical hadron size for the value of the cutoff, Λ, and use the same value for all the channels. The transfer potential V QP between the Q space and the ith channel of the P space is taken to be The channel dependence of v ij and g i is assumed to be
and {g i } = g g 0 0
for the D 0 D * 0 , D + D * − , J/ψω, and J/ψρ channels, respectively.
As for the size of the attraction between the two mesons, we have tried four sets of parameters, A, B, C and QM. The parameters of each parameter set are listed in Table 2 and D + D * − channels, (3) the interaction between the J/ψ and the ω meson is the same as that of the J/ψ and the ρ meson, and (4) there is no transfer potential between the two J/ψV channels. These assumptions mean that the interaction between the two mesons in the I(J P C ) = 1(1 ++ ) state is the same as that of 0(1 ++ ). The interaction strength in the J/ψV channels, v ′ , however, can be different from the one for the DD * channels, v. The size of the coupling between the DD * and the J/ψV channels, u, is derived from the quark model, which we will explain later in this section.
As for the cc quarkonium mass, E
0 , we use the χ c1 (2P ) mass obtained by the quark model [20] . As for the strength of the transfer potential, {g i }, we assume that D 0 D * 0 and D + D * − couple to the cc quarkonium directly whereas the J/ψV channels do not. It is because the former coupling occurs by the one-gluon exchange while the latter coupling is considered to be small because of the OZI rule. Since the annihilation terms which cause the cc-D 0 D * 0 and cc-D + D * − couplings are considered to be the same, we assume these two channels have the same g. The g is taken as a free parameter in each parameter set to reproduce the X(3872) peak at the observed energy.
Suppose both of v and v ′ are equal to zero, the coupling g has to be 0.0482 to give the correct X(3872) mass, which we denote g 0 in the following. The rough size of the cc quarkonium contribution to the attraction to bind the X(3872) can be expressed by (g/g 0 ) 2 . When 6/34 (g/g 0 ) 2 is close to 1, the attraction comes mainly from the cc-DD * coupling, whereas the attraction comes largely from the two-meson interaction when (g/g 0 ) 2 is smaller. The size of g 0 in the present work is somewhat smaller than but not very different from the corresponding value in the previous work, 0.05110, where the J/ψV channels were not introduced yet [62] . It seems that the effect of the J/ψV channels on the X(3872) mass is not large.
As we will show later, its effect on the transfer spectrum in the higher energy region is not large, either. Introducing the J/ψV channels, however, changes the phenomena at the D 0 D * 0 threshold drastically.
For a single channel problem with the Lorentzian separable interaction, the binding energy, E B , can be obtained analytically:
For the B 0 B * 0 system, the condition to have a bound state is v < −0.1886 with Λ = 500
MeV. In the parameter set A, we assume this value, −0.1886, for the strength of the interaction between the D and D * mesons. Namely, the D-D * attraction is taken as large as possible on condition that there is no bound state in the B 0 B * 0 systems if the attraction of the same size is applied [62] . Since it requires v < −0.5173 for the D 0 D * 0 channel to have a bound state only by the D 0 -D * 0 attraction, this assumption means that here we assume only 0.36 of the required attraction comes from the D 0 D * 0 ; the rest is provided by the cc-DD * coupling. We also assume that the interaction between J/ψ and ρ or J/ψ and ω is taken to be zero, v ′ = 0, for the parameter set A.
In the parameter set B [C], we use v [u] 1.5 times as large as that of the parameter set A to see the parameter dependence. We use the one from the quark model also for the diagonal part, v and v ′ , in the parameter set QM.
We have introduced the width into the J/ψV channels, which represents the decays to J/ψπ n . In the present model, the source of the isospin symmetry breaking is the charged and neutral D and D * meson mass difference. The couplings and the two-meson interactions mentioned above conserve the isospin symmetry.
The Lippmann-Schwinger equation and the transfer strength
We solve the Lippmann-Schwinger (LS) equation to investigate the X(3872). Let us show some of its formulae for the case with the BSEC. The LS equation for the T -matrix and the full propagator G can be written as with
where P indicates that the principal value should be taken for the integration of this term.
Suppose there is no Q-space, then the 'full' propagator solved within the P -space,
can be obtained as
When the coupling to the Q-space is introduced, the full propagator for that state becomes
where Σ Q is the self energy of the Q-space,
Since Σ Q is the only term which has an imaginary part in G Q , we have
Using Im G (P ) * −1 = Im G (P ) 0 * −1 and Eq. (20), the above equation can be rewritten as
In the actual calculation we use the following relation with the T -matrix within the P -space,
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It is considered that the X(3872) state is produced via the cc quarkonium (Fig. 1) . Thus the transfer strength from the cc quarkonium to the final meson states corresponds to the observed mass spectrum with a certain factor of the weak interaction as well as the formation factor of the cc quarkonium, which we do not consider in this work. In the following, we explain how we calculate the transfer strength. Notations of the kinematics are summarized in Appendix A.1.
First, we derive the strength without the ρ or ωmeson widths. The transfer strength from the cc to the two-meson state, W , becomes
where E is the energy of the system when the center of mass of D 0 D * 0 is at rest. In order to obtain the strength to each final two-meson state separately, we rewrite the Eq. (29) as
where the summation is taken over all the final two-meson channels, f , with the momentum k, which is denoted by |f ; k . Eq. (31) is derived by using the fact that the imaginary part of rhs of Eq. (30) arises only from the imaginary part of G can be rewritten as
where the k f is the size of the relative momentum of the two-meson system in the f th 
Since the out-going wave function solved in the P space, |f ; k f , can be expressed by the plane wave as |f ; k f = (1 + G (P ) V P )|f ; k f , the above equation can be rewritten as
Next, we introduce the ρ and ω decay widths. For this purpose, we modify the free propagator in the P -space, G
0 , as
The width comes from the imaginary part of the self energy of the ρ or ω mesons which couple to the π n states. The real part of the self energy is taken care of by using the observed masses in the denominator. The width of the mesons, Γ V , depends on the energy of the nπ By the above substitution, the full propagator, G (P ) and G Q , the self energy Σ Q are also modified asG
Thus the strength for the open channel f becomes
where Γ f is the width of the f th channel. The width of the J/ψV channels depend both on k and on k f through E nπ . The above strength is normalized as
when energy-independent widths are employed. For the energy-dependent widths small deviation appears: it becomes 0.990 for the parameter set A.
In order to see the mechanism to have a peak, we factorize the transfer strength as
where ∆ f (E) → k f as Γ f → 0. For the energy around the D 0 D * 0 threshold, the integrand of the factor ∆ J/ψρ (E) has the maximum at around k ∼ 1.26 fm, which corresponds to E 2π ∼ 670 MeV. There, Γ J/ψρ is 0.89 times as large as that of the energy independent value, 147.8
MeV. On the other hand, since the ω meson width is much smaller than that of ρ meson, E 3π which gives main contribution is much closer to the peak: E 3π ∼ 762 MeV. There, the width also reduces to 0.89 times of the energy independent value 8.49 MeV.
2.3. The J/ψω-and J/ψρ-DD * transfer potential from the quark model
In this subsection we explain how we obtain the transfer potential between the J/ψω-and J/ψρ-DD * channels from a quark model. For this purpose, we employ the model of ref. [20] , 10/34 where they found themeson masses as well as their decays are reproduced reasonably well. Since the results of the present work do not depend much on the model detail as we will discuss later, we simplify the quark model in order to apply it to multiquark systems as follows: (1) we remove the smearing from the gluonic interaction, (2) we remove the momentum dependence of the strong coupling constant (α s ) but let it depend on the flavors of the interacting quarks, (3) we only use a single gaussian orbital configuration for each mesons, each of whose size parameters corresponds to the matter root mean square radius (rms) of the original model solved without the spin-spin term, and (4) we remove the energy dependence from the spin-spin term and multiply the term by a parameter (ξ) to give a correct hyperfine splitting.
The quark hamiltonian consists of the kinetic term, K q , the confinement term, V conf , the color-Coulomb term, V coul , and color-magnetic term, V CMI :
where m i and p i are the ith quark mass and momentum, respectively, r ij is the relative distance between the ith and jth quarks, α s ij is the strong coupling constant which depends on the flavor of the interacting the ith and jth quarks, b is the string tension, c is the overall shift.
The parameters are summarized in Table 3 . The obtained meson masses and the components are listed in Table 4 . We use the values for the quark masses and the confinement parameters, m q , b, and c, in ref. [20] as they are. Eachsystem has three other parameters: Table 4 ). We do not use the η meson mass for the fitting because the mass difference between ω and its spin partner η cannot be considered as a simple hyperfine splitting. Instead, we use the ω mass obtained from the original model without the spin-spin term, M 0 , as a guide.
As seen in Table 3 , the α s becomes smaller as the interacting quark masses become larger.
The size parameter of the orbital gaussian is small for the cc system, and larger for the uu system. The factor for the CMI, ξ, varies widely from 0.1238 to 0.5883. These values, Table 3 Quark model parameters. The u and c quark masses, m u and m c , the string tension b and the overall shift c are taken from ref. [20] . As for the α s , ξ and β, see text. Table 4 Meson masses and the components of the quark potentials. All entries are in MeV. K , V coul , V conf , and V CMI are the expectation values of the kinetic, the colorCoulomb, the confinement, and the color-magnetic terms, respectively. M 0 is the summation of the first three terms. Since we fit the meson masses, M 0 + V CMI is equal to the observed mass, M obs , which (and the hyperfine splitting, hfs) are taken from ref. [66] † . The underlined entries are used for the fitting. The values in the parentheses are the results of the original model with no spin-spin interaction. however, are reasonable because (
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In the following, we will explain how we derive the potential between the hadrons from the quark model. The obtained potential, however, is mostly determined by the observables as seen from Table 4 . It does not depend much on the detail of the quark model, except for the color-spin dependence of the quark potential and the meson size parameters, β's.
We use the following base functions to extract the two-meson interaction.
where for the relative wave function of the two mesons. These base functions are not orthogonal to each other. Their normalization becomes
The ν vanishes as O(β −3 i ) when the β i ∼ β j becomes large, whereas the N becomes one when β i = β j .
The normalization can be 'diagonalized' by
The transfer matrix B is not unique. We choose the above B so that the base functions become |V 8 J/ψ 8 and |V 1 J/ψ 1 rather than |D 1 D * 1 and |V 1 J/ψ 1 at the short distance. By choosing this and by adding the width in the |V 1 J/ψ 1 channel, we ensure that the ρ or ω meson decay occurs just from the color-singlet light quark-antiquark pair and that the OZI rule can be applied to the V J/ψ channel. Since the meson sizes are different from each other, the |D 8 D * 8 and |V 8 J/ψ 8 with orbital excitation can be introduced as additional base. We, however, do not take them into account for the sake of simplicity.
The hamiltonian for the two meson becomes
and one can extract the effective interaction for the φ base as
We derive the strength of the separable potential for the two-meson systems, v ij in eq. (11), so that their matrix elements have the same value. Namely, we determine the values of u, v
The density distribution of the X(3872) bound state against the relative distance of the two mesons, r, for the parameter set A calculated without introducing the meson decay width.
and v ′ in the parameter set QM in Table 2 from the condition
where ψ α is the wave function for the separable potential in Eq. (14) for the state of the binding energy 1 MeV. The obtained value for u is used also for the parameter sets A and B.
3. Results and discussions 3.1. The X(3872) bound state
First we discuss the bound state which corresponds to X(3872). In the size of its component in X(3872) is small. This can be explained because the J/ψρ system has a larger kinetic energy than the DD * does, but does not have enough attraction to make a state as low as DD * due to a lack of the coupling to cc. The size of the J/ψω component is somewhat larger than that of the J/ψρ at the short distance because its isospin is equals to zero.
In Table 5 , we show the size of each component in the X(3872) bound state calculated by the present model without the meson width. The obtained size of the cc component varies from 0.023 to 0.061 according to the parameters. The probability of the cc component is 0.036 for the parameter set A, which is somewhat smaller, but similar to that of the (g/g 0 ) 2 ∼ 0.5 case in our previous work [62] , where we investigated the X(3872) without the J/ψV channels. Including the effective DD * attraction reduces the cc probability as seen in Table 5 under the entries of the parameter set A-C.
It seems that the ρ and ω components of the bound state are comparable in size. This does not directly mean that the ρ and ω fraction from the X(3872) in the B decay are comparable. As we will show in the next subsection, the ω fraction in the mass spectrum is enhanced because the X(3872) forms from the cc, the isospin-zero state, and the ρ fraction in turn is enhanced because of its large decay width.
The transfer strength from cc to the two-meson states
Next we discuss the transfer strength defined by eq. (29) observed spectrum though the overall factor arising from the weak interaction should be multiplied. In order to obtain the J/ψπ 3 spectrum, the fractionΓ ω→3π = Γ ω→3π /Γ ω = 0.892 [6] should be multiplied furthermore to the J/ψω spectrum. The spectra are plotted in As seen from Fig. 3(a) , the transfer strength has a peak just above the D 0 D * 0 threshold.
Such a peak appears because the bound state exists very close to the threshold. It, however, is probably difficult to distinguish the strength of this peak from that of the bound state the X(3872) mass. Note that the experiments give only an upper limit for the X(3872) width, < 1.2 MeV, in the J/ψπ n spectrum [7] . The widths of the J/ψV peaks obtained here are less than 0.2 MeV, which are much smaller than the experimental upper limit. The J/ψω component appears around the D 0 D * 0 threshold due to the ω decay width though the channel is still closed. In the Fig. 4(c) , we show the spectrum when the meson widths are taken to be energy independent. The peak reduces when the energy dependent widths are introduced.
To look into the isospin symmetry breaking around the D 0 D * 0 threshold, we calculate ratio of the strength integrated over the range of m X ± ǫ X , where m X is the average mass of X(3872), 3871.69 MeV, ǫ X is the upper limit value of Γ X(3872) , 1.2 MeV.
Here, the factorΓ ω→3π is the fraction of ω → πππ, 0.892 ± 0.007, whereas that of ρ,Γ ρ→2π
is ∼ 1 [6] . We assumed the value of the ratio of these fractions to be 0.892. This R Γ defined above should correspond to the experimental ratio, eqs. (1) and (2), 1.0 ± 0.4 ± 0.3 [13] or 0.8 ± 0.3 [14] . For the parameter set A, this ratio R Γ is found to be 2.24, which is somewhat larger than the experiments. There is an estimate by employing a two-meson model, where its value is about 2 [48] , whereas in the work of the one-boson exchange model, this value is about 0.3 for a bound state with the binding energy of 0.1 MeV [68] . The present work, having no isospin breaking term in the interaction, gives a closer value to the former case.
17/34 As listed in Table 1 , the peak energy of X(3872) corresponds to the threshold energy within the error bars. There is a possibility that the X(3872) is not a bound state but a peak at the threshold. In order to see the situation, we also calculate the spectrum by the parameter set A with weakened cc-DD * couplings: the one where the coupling strength g 2 is 0.9 times as large as that of the parameter set A (denoted by 0.9g 2 and shown in Figs. 5(a) and (b)) and that of 0.8 (denoted by 0.8g 2 and shown in Fig. 5 (c) ). There is no bound state anymore but a virtual state in both of the cases, but a peak is still found at the D 0 D * 0 threshold for the 0.9g 2 case. The strength of the J/ψV channels, however, becomes considerably smaller.
In order to see the mechanism to create a peak at around the threshold and how the peak of each channel is developed, we plot each factor defined by eq. (41) in Figs. 6 and 7. From the Fig. 6 , one can see that the full propagator of the cc space, G Q , is responsible to make the peak structure. As (g/g 0 ) 2 is weakened, the bound state becomes a virtual state. But the G Q still has a peak at 0.9g 2 as seen in Fig. 6(b) , which makes a thin peak in the transfer strength. The shape of G Q is essentially determined within the cc-DD * system. The effect of the J/ψV channel is rather small here.
The cc state branches out into each two-meson state by the factor D P Q . As seen in The ∆ f , which is shown in Fig. 7(b) , is an essentially kinematical factor. Because of the large ρ meson decay width, ∆ J/ψρ is 5.23 times larger than ∆ J/ψω at the X(3872) peak energy. Without this ∆ f factor, the branching ratio, R Γ defined by eq. (62), is about 11.7, 18/34 In the parameter set QM, we use the quark model values for all the two-meson interactions:
the one between the D and D * mesons or the J/ψ and the light vector mesons, as well as the transfer potential between DD * -J/ψV channels. As seen in Table 2 , there is no attraction in the DD * channel, though there is a considerable attraction appears between J/ψ and the 19/34 light vector meson. This attraction, however, is not large enough to make a bound state by itself. In this parameter set, most of the attraction to form a bound X(3872) comes from the cc-DD * coupling; it requires (g/g 0 ) 2 ∼ 1 to have a bound X(3872). As seen from Fig. 8 , the DD * spectrum at around 3950 MeV is very flat, reflecting the fact that the cc-DD * coupling is very strong. There is a large J/ψω peak at the D 0 D * 0 threshold, while the J/ψρ peak is small. In the case of the weaker coupling, 0.9g 2 , (Fig. 8(c) ), there is almost no strength in the J/ψρ channel. Table 6 Various ratios of the transfer strength for the original parameter set A, B, C, and QM, and those with the weakened cc-DD * coupling, which are denoted by 0.9g 2 . A 0 is the parameter set A with the energy-independent meson width. As for the definition of the ratios, see text. We put B/V in the last column depending on whether the calculated X(3872) is a bound or virtual state. The Belle experiment of R Γ is taken from ref. [13] , while that of BABAR is taken from ref. [14] . As for the r D 0 D * 0 , the Belle value is taken from refs. [7, 10] while that of BABAR is taken from refs. [11, 12] . 
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Model (g/g 0 ) 2 R Γ r D 0 D * 0 (4MeV) r D 0 D * 0 (8MeV) D I=1/
Various ratios of the transfer strength
In the previous subsection, we show that all of the present parameter sets produce a thin J/ψπ n peak at around the D 0 D * 0 threshold. The mechanism to form X(3872), however, can be different from each other. To look into what kinds of observables can be used to distinguish the models, we listed the values of various ratios of the transfer strength in Table 6 .
First let us discuss the ratio R Γ defined by Eq. (62) . This R Γ is defined by integrating the strength over m X ± 1.2 MeV. The values of R Γ do not change much if we integrate the strength over m X ± 2.4 MeV; the largest deviation is about 3% of the listed value. The ratio R Γ varies rather widely according to the parameters (g/g 0 ) 2 . As the (g/g 0 ) 2 becomes smaller, the ratio R Γ becomes smaller, and the degree of the isospin symmetry breaking becomes larger. On the other hand, the R Γ does not change much if the bound state exists.
The situation is illustrated in Fig. 11 (a) . The parameter QM, where (g/g 0 ) 2 is about 1, the ratio R Γ is 6.34. For the parameter set A, where (g/g 0 ) 2 = 0.655, the value is 2.24. Fig. 11 The J/ψπ 3 -J/ψπ 2 ratio at the X(3872) peak, R Γ , and the D 0 D * 0 -D + D * − ratio integrated over the scattering state, D I=1/0 . In the Fig. (a) , the R Γ is plotted against (g/g 0 ) 2 , while D I=1/0 is plotted in Fig. (b) . The experimental results for R Γ [13, 14] , which do not depend on the (g/g 0 ) 2 , are shown in Fig. (a) by the hatched areas.
can estimate the sizes of the cc-DD * coupling as well as the attraction between D and D * from the observed size of the isospin symmetry breaking.
Next we discuss the ratio between the D 0 D * 0 and D + D * − strengths:
which is shown in Fig. 11 (b) and listed in Table 6 . This D I=1/0 essentially describes the ratio of the DD * strength below and above the D + D * − threshold, which is found to be again governed by the relative importance of the cc-DD * coupling against the D-D * attraction, (g/g 0 ) 2 . No experimental result has been reported for this value, but with this and the size of the isospin symmetry breaking, the information on the X(3872) structure, or on the size of the the cc-DD * coupling or the heavy meson interaction will become much clearer.
Lastly, we discuss the ratio r D 0 D * 0 , which is defined as
We listed r D 0 D * 0 for ǫ = 4 MeV and 8 MeV in Table 6 . It is found that for the parameter sets which are (g/g 0 ) 2 ∼ 0.5, this r D 0 D * 0 is about 5.12-9.91 if the X(3872) is a bound state, while the value is more than 8.59 if there is no bound state, which is denoted by V. The results suggest that one can judge whether the X(3872) is a bound state by looking into the ratio of the partial decay width of X(3872) in the D 0 D * 0 channel to that in the J/ψρ channel. As we mentioned in the introduction, the experiments for this ratio is still controversial. More precise measurements will help to determine whether the X(3872) is a bound state or not.
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Model features
In this subsection, we discuss the model features of the present work.
We have argued that the X(3872) is a hybrid state of the cc and the two-meson molecule: a superposition of the D 0 D * 0 , D + D * − , J/ψρ and J/ψω states and the cc(2P ) quarkonium. The scattering states of the J P C = 1 ++ channel also consist of the above degrees of freedom. Our approach is unique in the sense that (1) we simultaneously calculated the mass spectrum from the D 0 D * 0 threshold up to 4 GeV in addition to the bound state, (2) all the two-meson states are treated dynamically, (3) each of the final branching fractions of the X(3872) peak is investigated separately, (4) the energy dependent ρ and ω meson widths are introduced, (5) the interaction between the DD * and the J/ψV channels is derived from the quark model.
We assume that there is an attraction between the two mesons in the DD * channels. The size of the attraction is consistent with the fact that no BB * bound state has been found yet. The parameter set C, where the DD * attraction is set to be stronger, is an exception and give a bound state with the binding energy 2.4 MeV if the interaction is applied to the BB * system as it is. The DD * system, however, does not have a bound state for all the parameter sets if only the attraction in the DD * channel is taken into account because the system has a smaller reduced mass. The cc-DD * coupling gives the required extra attraction to make the X(3872) peak.
We take only the cc(2P ), and not cc(1P ) for example, as the source or the component of X(3872) because this cc(2P ) state has the closest mass to the X(3872) among the J P C = 1 ++ cc series calculated by the quark model. Including cc(1P ) in addition to χ c1 (2P ) does not change the mass spectrum or the X(3872) state much [62] . Since there is no cc(2P ) peak is observed experimentally, one may only include the χ c1 (1P ), whose existence is confirmed experimentally, in the two-meson system as the source of the X(3872). In such a case, however, the cc-DD * coupling gives only a repulsion to the two-meson channels; the required attraction to make the X(3872) peak must come from the interaction between the D ( * ) and D ( * ) mesons. Considering the heavy quark symmetry, this will most probably cause a bound state in the BB * systems, which has not been found experimentally. Considering also that radiative decay of X(3872) → ψ(2S)γ is large [25] [26] [27] , we argue that there is a cc(2P ) state though it is not seen directly in the J/ψπ n spectrum. When one investigates the radiative decay, the other cc(nP ) states may become important because each cc core decays differently to the final J/ψγ or ψ(2S)γ states [69] . It is interesting but we discuss the problem elsewhere.
In the present calculation, the potential range is taken to be Λ = 500 MeV, which is a typical hadron size. The attraction between the D and D * mesons, however, is considered to come from the π-and σ-meson exchange, which has much longer range than that of the DD * -J/ψV or cc-DD * coupling. The Λ dependence of the mass spectrum is investigated in [62] ; when we take Λ = 300 MeV, the enhancement of the DD * mass spectrum at around 24/34 3950 MeV becomes larger. The present results may change quantitatively if one introduces more realistic interaction. We expect, however, that the mechanism to have a thin peak or to have a large I = 1 component will not change.
The production rates of X(3872) are one of the important observables and have been discussed in [67, [70] [71] [72] [73] [74] [75] [76] [77] . Experimentally, it is reported that the X(3872) production rate in the pp collision is more than 0.046 times that of ψ(2S) [75] . Since the production rate of cc of the opposite parity in the pp collision is probably not the same as that of the cc which couples to the X(3872), they cannot be compared each other directly. The fact that there is a non-negligible component of the cc in the X(3872) wave function, however, supports qualitatively that the X(3872) production rate is larger than expected from the meson-molecule picture. Ortega et. al. solved the four quark system for the cc and DD * systems, and extract the cc-DD * coupling. The DD * system is solved as a hadron model with this coupling. The parameter QM in the present work is similar to the model C in ref.
[56], where the cc(2P ) is found to be 7%. Our result, 6.1%, is consistent with their result.
In the present work, the cc component in the X(3872) is 0.023-0.061. The cc mixing of this size seems common to the hybrid picture. Whether this mixing can explain the observed formation rate of X(3872) quantitatively is still a open problem.
The peak shape of the X(3872) in the J P C = 1 ++ is discussed in refs. [50, 56, 58] , where the J/ψV decay channel is added perturbatively via the quark rearrangement, also give a thin peak [56] . The present model, where the J/ψV couples to cc only via DD * channels, again gives the thin peak. As seen in the previous section, the mechanism to have a thin peak is a robust one.
The isospin symmetry breaking found in the X(3872) decay has been discussed in various ways. For example, the kinetic factor which enhances the isospin I = 1 component is discussed in ref. [51] , the contribution from the ρ 0 -ω mixing is pointed out in ref. [78] , an estimate by a two-meson model with the realistic meson masses and the widths is reported in ref. [79] , the isospin breaking in the one-boson exchange interaction is investigated in ref.
25/34 [68] . Let us note that our results do not exclude that the existence of other sources of the isospin symmetry breaking, which contribute to reduce the ratio R Γ . It will be interesting to see how the combined effects change the ratio.
We look into the parameter dependence of various ratios of the decay fractions. There we found that the ratio R Γ become smaller as the size of the cc-DD * coupling becomes smaller.
The present experiments on this ratio suggest that the about one-third of the attraction in X(3872) comes from this coupling. The relative strength of D + D * − to D 0 D * 0 is also closely related to the size of the coupling. With these two observables combined, one may extract the condition over the size of interaction among the heavy quark systems. We also found that the ratio r D 0 D * 0 reflects the binding energy of the X(3872) rather strongly. It will help to understand the X(3872) state if this value is determined experimentally.
In our model, the energy sum rule eq. (40) Recently, the Z c (3900) ± resonance has been found in the J/ψπ ± mass spectrum [80, 81] . It is a charged charmonium-like state, a genuine exotic state whose minimal quark component is ccqq. Since there is no 'cc core' for this state, the present picture of the X(3872) cannot be applied directly to the Z c (3900) ± resonance; it is considered that the Z c (3900) is not a simple I = 1 counter part of X(3872). There is a report that the peak may not be a resonance but a threshold effect [82] . Further works will be necessary to understand this resonance. As for the charged bottomonium-like resonances, Z b (10610) ± and Z b (10650) ± [83] , the present model cannot be applied directly, either, because these states again have a nonzero charge and do not couple to the bottomonium states. The Z b (10610) 0 resonance [84] is probably be the neutral partner of Z b (10610) ± , the I = 1 state. Since the masses of the charged and the neutral Z b (10610)'s are essentially the same, the isospin symmetry breaking of this system must be small; the mixing of the bb state is probably negligible. There, the most important interaction in the BB * system will be the interaction between the B and B * mesons unlike the X(3872) case. The interaction between the two heavy mesons, empirically obtained here, may be tested in such systems. Our results of R Γ suggests that a larger attraction in the DD * channel than the parameter set A is favored. There will be a bound state in the BB * system if such a larger attraction is applied to the two heavy mesons as it is. It will be very interesting and contributing to understand the heavy quark physics if one finds out whether such a bound state exists in the BB * systems. determined so that it produces a zero-energy resonance but no bound state if the attraction of the same size is introduced in the BB * system. The strength of the cc-DD * coupling is taken to be a free parameter to give the correct X(3872) mass.
We have found that the X(3872) can be a shallowly bound state or a S-wave virtual state.
For both of the cases, the following notable features are found: (1) both of the cc → J/ψρ and cc → J/ψω mass spectra have a very narrow peak below or on the D 0 D * 0 threshold, (2) the peak of D 0 D * 0 spectrum has the width of a few MeV, (3) there is no sharp peak at around 3950 MeV, which is the χ c1 (2P ) mass predicted by the quark model, (4) the strength of the J/ψπ 2 peak is comparable to that of the J/ψπ 3 peak, and (5) threshold also varies largely according to the size of this coupling. We would like to point out, as we mentioned above as the feature (5) , that from these two observables combined, the information on the size of the the cc-DD * coupling or the heavy meson interaction can be obtained more clearly. It is also found that the branching ratio of the D 0D * 0 to the 27/34 J/ψρ, which is still controversial experimentally, is a good indicator of evaluating whether the X(3872) peak is a bound state or a virtual state. Investigating the X(3872) properties really gives us rich information on the heavy quark physics.
A. Appendix: Width of the ρ and ω mesons A.1. Kinematics
The B + meson at rest has the mass m B = 5279.26 ± 0.17 MeV [6] . It can decays into K + and a cc pair by the weak interaction. When this K meson has the momentum p K , then the X(3872), which is generated from the cc pair, has the energy E X as
with the momentum p X = −p K . Suppose the X(3872) is a bound state and does not decay, it has the center of mass momentum p X and the energy E X = m 2
X . Thus the size of p K is uniquely determined once m X(3872) is given: e.g. when m X(3872) = 3871.68 MeV, p K = 5.78 fm −1 .
On the other hand, suppose the X(3872) is a resonance and the final states are the scattering two mesons, the phase space of the kaon momentum p K becomes a continuum. The energy of the two mesons in the f -th channel, whose center of mass momentum is p X = −p K , can be written as
where m f and M f are each of the masses of the final two mesons, the µ f their reduced mass, and k f the relative momentum of the two mesons. Here we extract the relative motion in a nonrelativistic way. Since we investigate the reaction only slightly above the threshold, k f is considered to be small comparing to the meson masses. The energy of the two-meson system at rest, E f , can be defined as
The figures in this paper are plotted against this energy E f for the D 0 D * 0 channel, E D 0 D * 0 . When the final two mesons are J/ψ and ρ, for example, the above E f becomes
where k J/ψρ is the relative momentum of J/ψ and ρ when the J/ψρ system is at rest. For a given |p X |(= |p K |), E X is determined by Eq. (A1). Then the momentum k J/ψρ is obtained by Eq. (A2), and E J/ψρ by Eq. (A3).
When the ρ meson decays into the two-pion state, that E J/ψρ can be expressed also by
Here, k is the relative momentum between J/ψ and the center of mass motion of the two pions. The relative momentum between the two pions is denoted as q, and E 2π is the energy 28/34 of the two pions whose center of mass motion is zero. The energy E 2π becomes a function of k and k J/ψρ , E 2π (k, k J/ψρ ). Note that k can be different from k J/ψρ ; k J/ψρ and k correspond to k f and k in Eq. (39) respectively. When the final two mesons are J/ψ and ω, which decays into the three-pion state, the center of mass energy of the J/ψ and ω system, E J/ψω can be rewritten similarly by
where E 3π is the energy of the three pions whose center of mass momentum equals to zero. Again, the energy E 3π becomes a function of k and k J/ψω , E 3π (k, k J/ψω ). For the later convenience, we define the 'average' momentum, q, as
A.2. The ρ and ω meson width
In this appendix, we show how we obtain the energy dependence of the ρ and ω meson width. Since our main interest is on the X(3872), we only consider the major decay mode for both of the ρ and ω mesons [6] . By assuming that the non-resonant term is small, the cross section, σ, of the mesons can be written as
Herem V and Γ V (E nπ ) are the mass and the width of the ρ and ω mesons, respectively, and q stands for the relative momentum of the two pions which decay from the ρ meson, Eq. (A7), or for the average momentum of three pions from the ω meson, Eq. (A9).
The major decay mode of the ρ meson is ρ → ππ (P -wave). The width has a large energy dependence. We rewrite the width as:
Here Γ
ρ is a constant and corresponds to the ρ meson width at E =m ρ , for which we use the observed value. We assume the following function form for F ρ (E 2π ).
where q 2 = 1 4 E 2 2π − m 2 π is the relative momentum of the pions and Λ V is a momentum cutoff. This corresponds to the one with the monopole form factor for relative P -wave pions.
In Fig. A1(a) , the mass spectrum of the ρ meson, σq, is plotted against E 2π . The experimental data taken from ref. [85] are shown with the error bars. The solid line is the one we calculated with the energy dependent width, where we use the values ofm ρ and Λ V as well as the absolute size of the spectrum as fitting parameters. They are shown in Table A1 with the observed width Γ ρ . When we apply the width to the X(3872), the factor ∆ f (E) appears as seen in Eq. (42) . For the energy around the D 0 D * 0 threshold, this factor for the J/ψ-ρ channel is sizable only at around 0 < k 3 fm −1 , and takes a maximum value at k ∼ 1.26 fm −1 . This corresponds 29/34 Fig. A1 The ρ and ω meson decay: (a) the mass spectrum τ − → π − π 0 ν τ decay, where the data are taken from ref. [85] and (b) the e + e − → π + π − π 0 cross section where data are taken from ref. [86, 87] . The solid lines are fitted results by employing the energy-dependent width, Γ V (E), while dotted lines (BW) are obtained with a energy-independent width, Γ
V .
to E 2π = 340 ∼ 775 MeV with the maximum at around 670 MeV. Thus we fit rather lower energy region of the ρ meson peak, 400-900 MeV, to obtain the energy dependent ρ-meson width.
The ω meson decays occurs mainly via a ρπ state (Gell-Mann Sharp Wagner (GSW) mode [88] ) at around the peak energy. Also for the ω meson we rewrite the width as
where Γ
ω is a constant and corresponds to the ω meson width at E = m ω , which we use again the observed total decay width of ω. We use a simple form for the energy dependence also for the ω meson,
where q 2 = 1 9 E 2 − m 2 π . Here we use the same value for the momentum cut-off Λ V as that we obtained for the ρ meson. This shape of the energy dependence can be derived by assuming 30/34 the ρπ P -wave decay has also the monopole form factor, and the energy dependence of the imaginary part of the ρ meson propagator is governed by that of the ρ meson form factor. Here we do not discuss whether this assumption is appropriate. We employ the above function form because it is simple and the fitting is good enough to perform our X(3872) calculation.
In Fig. A1(b) , the cross sections of ω meson are shown. The data are taken from [86, 87] . The solid line stands for the one with the energy dependent width, and the dotted one is the one without the energy dependence. For the ω meson, the factor ∆ f (E) in Eq. (42) has a sizable value at around 0 < k 2 fm −1 , and takes a maximum value at k ∼ 0.5 fm −1 . This corresponds to E 3π = 600 ∼ 775 MeV with the maximum at 762 MeV. We fit the data in the energy region 660-786 MeV for the ω meson peak.
For both of the ρ and ω decay, we can fit the data with an enough accuracy for the current purpose. The values of parameters are summarized in Table A1 . We use only the fitting parameter Λ V (and function forms of the energy dependence, F ρ and F ω ) for the X(3872) calculation. 
These two color-spin-flavor base functions can be transferred from each other as: 
When one considers the hadronic system, the color-spin-flavor base will be |D 1 D * 1 and |V 1 J/ψ 1 , which are not orthogonal to each other from the quark model viewpoint, especially at the short distance. The normalization in the color-spin-flavor space becomes
31/34
